A semiconductor optical amplifier-based all-optical read-only memory (ROM) is successfully demonstrated through simulations using a one-level simplification method optimized for optical logic circuits. Design details are presented, and advantages are discussed in comparison with an all-optical ROMemploying decoder. We demonstrate that eight characters can be stored at each address in the American Standard Code for Information Interchange.
Introduction
Although electronic circuit elements can be operated at several gigahertz, the communication speed between each element cannot reach this speed. According to Intel, copper interconnects on a printed circuit board (PCB) made of flame retardant 4 (FR4) material becomes bandwidth-limited due to frequency-dependent losses such as the skin effect in conductors and dielectric loss from substrate material. In addition, cross talk and electromagnetic interference between adjacent wires restrict the size reduction of circuits at ultrahigh speed operation [1] .
Optical signals have many advantages over electrical signals when making a high speed communication link because of low loss and low interference. Thus, long-haul optical communication is widely used, and its application moves toward shorter distance communication such as fiber-to-the-home. Furthermore, Intel has studied the advantages of chip-to-chip optical interconnection with the expectation that 10 GHz is the copper signal limit [1] . Also, optoelectronic integrated circuits based on silicon photonics have been studied as potential nextgeneration circuits [2] . When both optical and electrical signals are used at the same time in the circuit, several electrical-to-optical conversions, and vice versa, are necessary. Engineers expect that electrical components can be replaced with superior all-optical components; thus, circuits can potentially be operated only by optical signals.
Development of all-optical logic components has attracted the attention of many researchers who want to overcome the speed and space limitations of electronic circuits by constructing all-optical circuits. Every all-optical Boolean logic gate has been demonstrated [3] [4] [5] [6] [7] by means of cross-gain modulation (XGM). In addition, a combinational logic circuit utilizing XGM has also been demonstrated including a half-adder [8] and a Gray-code to binary-codeddecimal converter [9] . Read-only memory (ROM) is a kind of combinational logic circuit used for specific purposes instead of rewritable random access memory (RAM) because of its cost effectiveness and easy construction. For example, every stored-program computer requires nonvolatile memory to save the initial program that runs when the computer is turned on or otherwise begins execution. The memory used for this purpose is not necessarily rewritable, so ROM can be used to save the initial program. Therefore the all-optical ROM will be widely used when electronic circuits are replaced by optical circuits.
Making all-optical ROM is not easy because of the complexity and immature technology of all-optical circuit elements. Overcoming these difficulties in our previous work, we constructed all-optical ROM in which four characters were stored in the American Standard Code for Information Interchange (ASCII) format using an all-optical 2-to-4 line decoder. Experimental results showed that decoder operations are possible with XGM in semiconductor optical amplifiers (SOAs), and a numerical study was carried out for the operation of a ROM having 2 bit addresses [10] . We also developed a one-level simplification method for the design of all-optical combinational logic circuits to make more complex circuits [11] . Because this method can be used for any kind of combinational logic circuit, ROM can also be constructed with this method.
Here we present the design details of all-optical ROM with a one-level simplification method and show that the method is more appropriate for more complex ROM systems. An all-optical ROM-employing decoder is presented that provides more concrete schemes compared with that in our previous publication [10] . We also present an all-optical ROM having 3 bit addresses that was constructed by use of a one-level simplification method and describe the advantages of the method.
All-Optical Read-Only-Memory with Decoder
The functions of the 2-to-4 line decoder, which are commonly used in digital electronics, are summarized in [10, 12] , and all-optical implementations are shown in Fig. 1 . The logical operation principles can be understood by determining the roles of the pump and probe signals [3] [4] [5] [6] [7] . If we let the input be a binary number where I 1 is the most-significant bit (MSB) and I 0 is the least-significant bit (LSB), then only the output port number that corresponds to the binary number indicates level 1, whereas the others indicate level 0. An experimental demonstration of an all-optical decoder was carried out in [10] . In practice, interference must be avoided when the two signals are summed by controlling the polarization of the two signals to ensure that they have different states of polarization.
A ROM can be constructed using the 2-to-4 line decoder. We stored the word KIST in ASCII code format. (The word KIST is just an example to demonstrate the ROM system; this word can be changed by using other characters. A word can be formed by changing some of the connections that will be illustrated later.) The ASCII code table for each KIST character is shown in Table 1 . Figure 2 illustrates the function of the ROM system. When the inputs of the 2 bit address ðI 1 I 0 Þ were applied to this ROM, the corresponding outputs of the 7 bit ASCII character were produced. The method of constructing a ROM with a line decoder can be understood with the help of digital electronic theory [12] , and alloptical concerns will be discussed with illustrations of our construction. If we designate the MSB as Bit6 and the LSB as Bit0, each bit of the output can be written as shown in Eqs. (1) . Bit6 can be implemented using only a Clock signal, but we obtained it as Eq. (1a) to observe the signal degradation. Optical signal summations can be simply implemented using a power splitter and combiner as shown in Fig. 2 . Because only one of the outputs (O 0 , O 1 , O 2 , and O 3 ) of the decoder can be level-1, all the ROM outputs (Bit0 − Bit6) have an equal power level (i.e., no power 
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level equalization is required between each bit if the decoder output levels are equalized):
The operation of the proposed all-optical ROM was demonstrated using numerical simulation. In our simulation, the propagation and rate equations were adopted from [13] 
where coefficients a l ðzÞ are the complex amplitudes of the signal fields at frequency ω l . This relation was normalized to have units in watts. Thus, the electric field can be calculated from
For the time domain dynamic simulations, Eq. (2) was expanded as a full propagation equation including time dependence, as shown in Eq. (5). The transfer matrix method [15] was used with Eq. (3), where J=d means injected carrier density that can be calculated by I=A x L. The SOA simulation parameters corresponding to Eqs. (2)-(5) are shown in Table 2 with the parameter names. Taking SOAs of length L ¼ 300 μm and driving current I ¼ 300 mA, the XGM processes were optimized by adjusting the pump and probe power levels using static simulation [10] . The return-to-zero (RZ) signal was used in our implementation because the XGM process for the RZ signal is generally faster than the nonreturnto-zero (NRZ) signal according to [7] . Pump power levels of 0-10 dBm (−4 to 6 dBm in some cases) and probe power levels of −20 to −10 dBm were assumed for the zero-level to the one-level in the analysis. The signal wavelength was 1550 nm for both the pump and the probe. A fourth-order superGaussian pulse was used to make a RZ signal pulse, and the pulse duration was around 0.4 times the bit period. Figure 3 shows the simulation results of the all-optical ROM. For each input address from 0ðI 1 ¼ 0; I 0 ¼ 0Þ to 3ðI 1 ¼ 1; I 0 ¼ 1Þ, the corresponding output ASCII code characters were achieved exactly from K to T, as expected. We note from the figure that the zero level of the output bit was more floated as many decoder outputs were added. Couplers were used for splitting and combining signals, and only attenuators were used to equalize power levels without intermediate amplification. 
Design of All-Optical Read-Only Memory with a One-Level Simplification Method
A one-level simplification method can also be used to construct an all-optical ROM. This method has some advantages when implementing a ROM system of greater complexity. To observe these advantages, we implemented a ROM having 3 bit addresses. Each character of the word SNU-EECS was stored in each address from 000 to 111. ASCII codes and stored addresses for each character in SNU-EECS are summarized in Table 3 . We designated each address bit as I 2 , I 1 , and I 0 from the MSB to the LSB. Following the design procedure for the one-level simplification method, a Karnaugh map for a given operation was drawn as shown in Fig. 4 . Then, while avoiding symbol selection overlaps, AND-OR two-level simplification was carried out to determine two-level simplified Boolean equations, as shown in Eqs. (6):
OR operations were substituted by optical power sums, and operations of AND were converted to NOR operations by the DeMorgan theorem to obtain Eqs. (7); thus, the required operations could be realized by using only NOR and by optical power sums: 
These Boolean operations consisted only of NOR gates and were realized with the configurations shown in Fig. 5 . Optical summations of these signals make the ROM operation possible. Optical power splitters and combiners can be used for optical summations as previously described, and Fig. 6 shows its connections. As seen from these connections, the maximum number of optical summations was only three. To design this ROM with a 3-to-8 line decoder, the maximum number of optical summations must be seven. Increasing the number of optical summations is the main signal degradation factor because level-0 is not zero power, and the sum of these powers results in a level-0 that is almost the same as level-1. Thus, the one-level simplification method has an advantage in the construction of a more complex ROM system. Figure 7 shows final simulation results; these agree well with the truth table for the ROM operation shown in Table. 3. Simulation conditions such as SOA parameters, SOA driving current, the power of the pump and probe signal, and the input signal extinction ratio were set to be the same as previously described. We also observed that level-0 was more floated when the number of optical summation was larger. Also, as in the case of the ROM with the decoder, couplers, and attenuators were used without intermediate amplification.
Conclusion
We provided concrete schemes for all-optical ROM having 2 bit addresses with a decoder. More complex ROM systems having 3 bit addresses were designed with the help of a one-level simplification method. We also showed that the one-level simplification method is more appropriate for designing ROM systems of greater complexity. Storing the word KIST with an all-optical 2-to-4 line decoder and storing the word SNU-EECS using a one-level simplification method were demonstrated by simulation. Although switching was based on XGM in SOAs in this research, any other kind of switching mechanism, such as a photonic crystal switch, can be used for more advanced all-optical circuits in the near future [16] .
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